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The scope co the work was to optimize device and circuit parameters of
planar field effect controlled 'ransferred electron devices ("MMls- ) to

meet the theoretically predicted limits of conversion efficiency (4 - 8 %),
bandwidth and upper frequency limit. This was done by employing both

computer simulations and empirical methods. The main ob*ctive was to
develop a voltage tunable 35 GHz MMIC oscillator. The results adlieved
with both discrete FECTEDs mounted in mia'ostrip circuits ad monolithi-
caly intesrated ("MMIC) osclators are encouraging: discrete F8CT0s
produced pulsed power levels in the 50 mW range with 5 % efficiency and

30 mW W with 3 % efficiency in cw operation. However, variations in FEtTED

mounting lead to unpredictable bonding wires inductances making it diffi-
cult to design an oscillator for a desired frequency. To the contrary, precise
control of frequency was possible with fully integrated MMIC oscillators
but efficiencies and power levels achieved with these oscillators up to now

were only around I % and 5 - 10 mW, respectively. Besides higher effi-
ciency also better spectral purity was eihibited by discrete devices due to

the dielectric resonator used in the microstrlp circuit. It is almost certain

that MMIC oscillator efriciency can further be increased by improving

coupling circuitry. It should be emphasized that, due to our well controlled
technology, very high yield (100 % for the third batch fabricated in July

- 1989) with equal DC and AC parameters within one batch o( MMIC osil-

lators has been achieved which is primarily a consequence of the simplicity

of the device.

MMIC compatible transferred electron devices ("FECTEl")

Fully monolithically integrated ("MM IC") oscillators

Voltage tunable signal source at millimeter wave frequencies (26 - 40 GHz)

Gallium Arsenide and Indium Phosphide devices

Injection controlled planar Cunn diodes

Gunn-effect



Program Objectives

The aim of this program was to optimize device and circuit parameters ot
both discrete and monolithically integrated planar field effect controlled
transferred electron devices ("FCTEDs") to meet the theoretically predicted
limits of conversion efficiency, bandwidths and upper frequency limit. The
research program was to be directed at problems associated with device
physics, device technology and circuit design.

Work performed on ths program

The work on this program can be divided into three areas - device simula-
tions. fabricating and mounting discrete FECTEDs. in properly designed
miarostrip circuits and fabricating monolithically integrated FECTEDs
("MMIC oscillators"). Details on the first two areas have been p.-esented in
six interim reports as well as in papers published during the course of this
program I/. /2/. They will be reviewed briefly in this (final) report. The
bulk of this report will be devoted to the voltage tunable MMIC oscillator
which was the final goal to be achieved in this program.,

Device structure

A cross sectional view of the FECTED is shown in Fig. I. It is basically a pla-
nar transferred electron device with a MESFET-like cathode contact. The
electcon injection is controlled by the negatively biased Schottky gate to the
extent that travelling domains cannot form. Instead, a stationary high field
domain forms in the gate-drain region which exhibits a frequency-inde-
pendent negative diforeential resistance. This two-terminal negative resi-
stance is used for both amplifying and generating signals at frequencies
determined by external circuitry.

Device simulations

Computer simulations have been performed in order to find optimum va-
lues foN doping level, device geometry, drain bias voltages and RF voltage
swing. Since only a one-dimensional computer program was available the
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two-dimensional MESFET-Iike cathode structure could not be induded in

the computations. It was therefore simulated by a constant cm, injector.

In a real device, the magnitude of the injected current can be adjusted by

the negative gate bias voltage. Of course, the optimum gate lnt cannot

be obtained with this computer program and has been determined empiri-

cally. In this work gate lengths between 0.5 lim and 2 lim have feen used.

A short gate might be advantageous as a small DC voltags" 4% is obtained

thereby maximizing efficiency. On the other hand, a MESFET cathode with a

very short gate (smaller than 0.1 0m) will not allow constant current injec-

tifn. A gate length of 0.7 ;im might be a good compromise.

The simulations have shown, that best efficiencies (4 % - 8 %1 ca be obtai-

ned with devices having doping levels in the vicinity of 5 x I10I cS-3 and

gate-drain spacings between 2 and 5 tim /3/.

Discrete FE(TED oscillators

Discrete FECTEDs made from both GaAs- and InP-materials have been te-

sted in microstrip circuits shown in Fig. 2. The three contacts - source, gate

and drain are wire-bonded to 50 microstrip lines. Microwave signals are

coupled to and from the drain contact. Two identical stub-terminatle 3 /8

long sections, connected to gate and source, proiide capacitive loads to

them thereby compensating for bonding wire inductances. Ampification

over almor. 10 GHz has been measured with a maximum gain at 37 GHz. In

order to produce free running oscillations # dielectric resonator was placed

near the drain contact. The results obtained are summarized in the table

shown below.

Drain

MIaterial Pulse Vos(V) VýS(V) I(A) off, •P(m) fGIFa)
Width

GaAs I iS 70 -3.0 0.15 53 36 2.4

GaIs ios 6.1 -7.9 013 49 39 37.4

laP lisI 113 -4.3 017 2.9 35 344

GaAS 60 Ps 6.7 -8.33 0.13 2.9 29.5 29's
GaAs 6OiS 3.4 -9.1 0.144 38 298 373
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Monolithic FECTED oscillators

Among all the well known advantages of integration of both active and pas-
sive elements on a single semi-insulating substrate (MMIC) the salient
feature is the elimination of bond wires which are a source of uncontrolled
parasitic elements making precise control of oscillation frequency impossi-
ble.

Fig. 3 shows a photograph of the 5 x 5 mm 2 monolithic oscillator chip. The
circuit connected to the FEBCED is similar to the microstrip circuit shown in
Fig. 2 except for an additional Y-shaped resonator section replacing the
dielectric resonator used in the hybrid circuit. The length of the upper bars
of the "Y" has been chosen to provide an inductive impedance to the drain
contact. This inductance determines the frequency of oscillation in conjunc-
tion with the device capacitance. This, of course, is valid only if the two
other (mushroom-like) resonating elements provide ground potential to
both gate and source contacts at the oscillation frequency. The length of
these two stub-terminated transmission lines has been chosen /2 at 35
GHz.'

Monolithically integrated FECTEDs have produced stable oscillations in a
frequency band around 35 GHz. The results are summarized in the table

shown below.

DvicNo. VDS(V) V(s(V) I(A) eff. % P(mW) (GHZ)

1 8 -6 0.075 0.93 3.7 36.1
2 7.5 -6.7 0.07 1.08 5.7 35.7
3 6.8 -4.8 0.08 1.03 56 368

The three devices (No. 1, 2 and 3) exhibit very similar electrical parame-
ters. 100 % yield has been obtained with this batch of devices confirming
that improved reliability can indeed be obtained with the MrAIC approach.
Another advantage of the MMIC version is the wide tuning range achieved
with gate bias tuning: I GHz with 3 db output power variation and 500 MHz
with I db variation. Fig 4 shows spectral characteristics measured at three
different frequencies. As expected from classical oscillator theory the os-



cillator noise decreases with increasing frequency. However, a comparison

with the spectral characterisitics of discrete dielectric resonator loaded

FECTED oscillato.s shows that the MMIC oscillator produces higher noise

levels thin discrete oscillators /2/ which is obviously due to the low quali-

ty factor of the MMIC oscillator.

Conclusions

Our conclusions based on this contract are as follows:

Planar GaAs and ,nP field effect controlled transferred elecmtr devices

("PECTE)s") are attractive candidates for fabricating monolithically in-

tegrated millimeter-wave oscillators due to their simple structure and

the absence of transit-time effects.

u Discrete FE'IEDs mounted in duroid based microstrip circuits have

produced the theoretically predicted efficiencies ( 5 %) at ka-band fre-

quencies with power levels around 50 mW. A! 29 GHz and 34 GHz the

highest output power levels ever obtained with lateral TEDs and FET

oscillators and at 37 GHz the highest laterql TEO output power have

been produced. Optimum values for active layer doping and thickness

are 5 x 1016 cm- 3 and 0.9 jim, respectively.

iii Monolithically integrated FECTED-osciflators ("MMIC' oscillators) have

been fabricated with high yield, high reliability and precise frequency

control which is primarily a consequence of eliminating bondimg wires.

With unoptimized circuits I % efficiency and 5 mW output power have

already been obtained in cw-operation. With better coupling circuitry

higher values (perhaps 3 % eff. and 15 - 30 mW) should easily be ob-

tainable.

iv Discrete FECTEDs mounted in microstrip circuits loaded with a dielectric

resonator exhibit better spectral characteristics than MMIC FIKED)s

due to the high quality-factor of dielectric resonators, which ciamot be

used in mono!ithic circuits because of their large size. To reduce MMIC

oscillator noise one must provide other resonating elementes such as

overlay or inter-digitated capacitors, etc. Further work along these lines

is clearly necessary. However, since FECTEDs are two-terminal devices,
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circuit design is probably much easier than it is in the case of three-
terminal devices as transistors are.
In order to further improve efficiency we recommend to use modula-

tion doping, i. e., a HEMT structure which should exhibit a higher peak
to valley ratio due to the high low field mobility and to real space
transfer at high fields. The use of such .a structure would make the

FECTED HEMT-compatible.
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Fig.1: Cross sectional view of the FECTED

Fig.2:MIlcrostrip circuit configuration of a 37Glz FECTET)
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MIMIC-Compatible GaAs and InP Field
Effect Controlled Transferred Electron

(FECTED) Oscillators
HILMUT S( HVBER.KI RT LURKE-. D RUTZMACHI-R. CHRISTIAN (3 DISKUS.

AND HARTWIG W. THIM. saton WMINIFIR. IEEE

Ah.~ - An M I %IK caMo Mrvsmd.fd Anea ~111" Is i the traveling domain mode (-Gunn oscillaticitis) [51 they
*eiV40k h Wil h v!10 - d PONN ý V*1110 rf'r "O" 4 also suffer from the transit time (11f2) limitation. leading
rho Ammae~ cbmV 4WA, Il4mse rho t.uN .lw wonGs~s~r ~ f~w..dfro (;A. ', '~a" * to a 6 dB per octave decrease of outpu' power.
{J

4
J 'SW 55W AIM (AI, rwspre..4s C*W p~~ h'.wk I"so-o A method for circumventing the transit ttrn limitation

J~ (.1 W). Tlww ii-orm 1,k We 11W hi~ glm .' Mh..Wd Irwl is to use a planar TEO with an anyjectioel limiting cathode
rgwrwmkv4"sd krtres. &Ir,1ms -W FLT awcAvon. contact of the t,,pe first desnbed in 1992 161. In this

devi-e the electron injection is controlleu hy a netativelst

I Nlltolcuombiased Schoitky gate to the extent that traveling domnains

C ONINUL'Sproir~idvrng he ast ew ear incannot form, Instead, a stationary high-~field domain fonrm%

I..the development of millimtriairwave circuits tor comn- i n the gate-drain region which exhibits a frequencv-inde-
munication and rada' systems has stimulated the search pendent negative rerstance. Thse injection current of the
for a planar IC-compatible milli mretr-wave source fo device can be corntinuously adjusted by the Schottly gate
both local oscillati-r And VCO applications. The tw ic bias voltage. allowing some additional tuning. Computer
ceisfully applied approaches are the GaAs FET oscillator si mulations described in this papir explain the principal
and the planar transferred electron riscillaior (TEO) operation of the desice And sho the dependence of power

The intense developments of millimeter-wave FEfls has and efficiency on doping leveil. &-vice length, and opecrat-
restulted in hiigh-performanvce oscillator% capable of produc- ing lrequencv. Maximunm efficiencies obtlainable with GaAs

irig30m at34Gz wth 0 prcet eficenc Il an in devices Are of ihe orde: of 9 percent at frequencies be.
trig ~ ~ ~ a~ F3T mWi 4oswt .0pretefciencyo 121. whdich mseen 30 and 50 GHL_ Experimental efficiencies measureda115 0Hz, monolithic GasFTt-ilt1) hc.beiseen 310 and 37 GHr are woresslut lower (5 perccnti

hosseser. prod~uced a drast1ICall' reduced output ri.ws oif
otnlv 0 1 mW F-is sýccp decrease of powecr cannot he hut onfornth mihwbsnce of the transit time limitation at

esplaun~d merels hv the I f: la-A due it) the transit time AKa-band frg!queni~ci.
limitation that F F- r'% ire xuhject to Other effects, such as
,bort-.chAnnel effr-cis 11). current injection into the buffer I1 OfYICIF Srilt CTURE
liver. or parasitic bipolar effects (41. must he consitderea in A crms-%ectimnal view -if ty~pscal deviqce is shown in
addition ia the itiffitultv of circuit matching in a three- Figt. I It is 'm:ilar to a n.-'rnal %:ESFFT having an
terminil desice '.Vi, , ehihit lower efficiencies hut re- extendeid lagte-drain regio and an integrated gate -uojiure
q~uire simpto-r lo~idiniz cii~mts sintc thev are two-terminal capacitante \10( %D-rown st-tvpe (;aAs and Trip avers
devices, TheN ire much cister it) manufacture fsecau,, hive been ijsed The lnP n laser !ýcovered %ith a thin
vuhmiticrometer dimvr-on% Are nit needed. fit addition (IMX AtI undisped liver in order to obtain a good Skhotikv
I I-Os are known ,t their kisci-ior noise performance. I'arrier The , ictise ivter doping concentratto'ns hive be
I lrsuesr. sinkci.-ia' nttonal 1 LOý arr iisually .ipriicd in chosýen between In lii n I and 1, IC"' cm 'for (;aAs

and AI. li'^ cm for !nP All devices consist of in ohm'ic
M.,r,.r Tit 'rd 0~ i i4X4 ro-si 1,t% '0, 1944i rh rk v~urce contact i Ni - Au Gel. a Schoitikv anode coniatt

nt r-r Nh A,,,,,,. 1rd -1 - ) tsniei ji1 Atut. and in ooert ipping Schoitkv gate contact sn.-ia
f.A ,ii - h-, I r h,n s S th I v, t'.-d -~,p.-. h t . ,r

Ur S A-~, 1u , fir I r~)-r1 il. -I Off,, rated from the sourte (is a SO5U-A-tihck clhrmical 'aipos
It',rr-~ . hi 5.ý Itio, ,, Mkrm,r-- i,' -'nsrrit deposied StO. laver The devic. width is 4l") pim. Proib tbe

rI q AA. lti) I l ir, ,or , lits ' -. hItU,Kr~,,- i, I A 40'(i
,,, Au" leneth f( the clhottiv, Frite and the distance Isetweeit Fate

( i uit 5 j fl,' 1t w ,-,, *,, _s th .4_ju fur And sOUnie hAve feen cnrwen to he 0 5 g m. T'he length of
t r- ri A 44,11 irj A4...ra the ivteregin ietwen gate and anosle contact) %as

.....ru. f"s,'' r Irrrir " .... iti
5

hi~isik rT"ns~s varied from 23 to !i Pin, Ihe thicness of t~he semi-ir,suiat.

I F s cri-- '..12ina substrate is iSN) Pim

'I1 M.44iit , t~l-2oril 00 1 tqgg IF -FF
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Ibi asefage dlOv~ng level I I 105 " f 10'cm11.

Ff1. I Ue'i,l-i~cs is • a 7~Itl Ga•! aM(b I5Fevs •t•evl(-cllelenj'f 425 am,' Sum. 1 . 0 timl

1,-sl~ 41. li i -lo

l l . DEvicE ANALYSIS AN!) SIMULATION amltd olA:voll 4 i Vs -II RV
frequenes 25 GHI - 60 G~z

Ih is well known that in a normal MESFET a stationar\
high-field domain forms in the gale-drain region. T]he
formation '•f traveling Gunn domains is prevented when domains in devices with an overcritical N0• L product. The
the electron injection throughl the gate is reduced to about samus lilon parameters are summarized in Table I.
50percent of the peak currenst level (11. Under this condi- Fig. 3 shows a sequence of field and carrier distributions
lion. a negative differentiai resistance occurs in the of a 5-pmo-long device calculated at different instants of
gate-drain re$,on dJue 10 the transferred electron C"Gunn") time and the accompanying voltage and current wave-.
eff±ct. forms. The frequency of ope~ration is 35 GHz. and the dc

For better understanding of the whole process, a one- ,ohtage is 4.5 V; the amphlude of the ac voltage is 3..5 V,
dimensional computer simulation baa been performed by allowing a voltage swing down to threshold. As can be
solving Poisson's equation, the continuity equation, and seen from Fig. 3 the field is below threshold in ai substan-
the integral current relation. The elctron velocity i.t E ) i' I part of the device. This region thus acts as a positive

calculated using the analytical expression [IIl. re~sistance, thereby contrihuting to loss. It also causes an

upper frequency limit (RC limitation). In order to mini-
•E+ v,( E/E5 )' mize the influence of this lossy region the device length

r,(E). +EE j (I) mu~slbe kept shori.
] + (/Eo~iFig. 3 also shows that hunches of electrons traverse the

depletion region, thereby introducing transit time effects.
According to this e'quation the velocity is an instantaineous Tlhese effects can enhance efficiency• if both the doping
runction of local field, thus neglecting delays caused by lesel and the bias voltage ,4re chosen properly. Fig. 4 shows
intervalley scattering and energ', relaxation. Htence the calculated efficiencies versus frequents for different dop-
results of this analysis are valid only fo- frequencies up io ing levels and bias voltages. Higher efficiencies occur at
apFroxigmicly 60 o(T ) and for device lengths geater than higher frequencies at higher doping levels and lower bias
1 pm Il. The structure ud in the simulation is shown in Fig. voltages, which can he attributed to adjusting the transit
2. The injecilon limiting cathode contact represents the time of the electron bunch close to the oscillation period.
one-dimensional eourialent of the gate-source region of a The best calculated efficihecies in the 30-60 GHz range
real device. The current u. injected into the first (left) cell are about 9 percent for GaAs devices and are somewhat
of the device was kept constant in order to properly higher for inP devices when allowing a current injection of
simulate the saturation current of a MESFET. One-dimen- about sg percent of the pea n current. For slightly in-
sional doping fluctuations d a well as a higher doping creased nrjection current levels the device breaks into
region at the cathode contact have also been incortoratedn traveling domain (Gunnt oscillations at the gate-drain
as they are known to act as nucleation centers for dipole transit time frequency.
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dc o dFig, IS Input and otitutp. "o ers %er~u% fro'quench, of a FECTED rerlec.

j E drfin 
on~l 1•p am~plifier.

ut~g 5 N1 tr•b ,,nIS out. Duroid substrate. All three contacts--source, gate. and

drain--hav6e been connected to the microsrp circuit using

gold bonding Aires. The two identical stub-terminated

IV. EXPERIW.tNTAL R'|.SUITS 3A./8 long transmission lines provide capacitive
Both GaAs and InP devices have been tested in mi- impedances to both source and gate. compensating bond-

crostrip circuits fabricated on 250-•tm-thick Duroid sub- ing wire inductances. With this circuit amplification over
strate. as ,,howvn in Fig. 5. The device is glued onto the almost 10 Gilt has been measured with a maximum gain
copper heat sink within a rectangular hole cut into the, at 37 GHz. A drain voltage of 7.5 V and a negative gate
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voltage of -6 V have been applied to this de% ce. Fig. 6 *
sho's~s measured Output power serrsu~s frequencv with an
input rotwer level of approximately I tiW. F,, Spetralcrt taraclen 4iý .,f a tre flningf N mW C:W TirV~aled

;n ider to prodlice free-ritriting oscillations, seseral IF( TED
resonance circuits have been tested. The best result.% have
be~en achiesed with dielectric ressn~itors placed near tie
dr ain *:ontact and hv carefully adjustins the gate voltage. output power leucks eser ottainited %itb literal TEO's and
Since the frequenc% of oscillation i,% tltiermined not on IFlT oscillators and at 37 GiH; the hIlgheist lateral TEO
bi, the diclecttic resonator alone r'ut ikec by the device ,utput power have been produced, A further increase of
Impedance, the frequency can he shiftfed by ,ar-sing the outpifut power should he pitssihle h% siniplv in~ reasing the
gate bias soltalge. Frequency tur,inr Up to10 JM %fl at a dlesiCe "Ia tai s this i, ntit a rtiii~tl diiirinsiitn ii oh respect
center freqttencý of 30 GHz and up to 500 \%-z at 37 itt gate riesistance. Hiocser. lie effictencies tircistired at
Gliz has been observed. au-band frequencies a-'e 'tingficn lower thiin FET os.

Tabhle If 'ummartizs the best espenmental results The cilatior efficiencies hut( might biýorne! citmpirtble at I-
hivfj'est effici--ncv of a GaAs device at 28 4 0Hz fir short hand and W-hand freqcqicnc~c ieitcto h ihc bsncc osf ihe
pulse operation was 5.3 percent. At 37 0Hiz the efifciency transit time limitatiion and it the miipler loajding, circutlrN
is onk a hit ,mailier, showing ihe absence of :he transit required by the two-ierminal IFICTE) Httsseser tnters~il
time limitation. A small decrease of efficiencir is obset-,ed. It-s scattrriniz and eneriz' relisi' si times reduce the effec-
which is attnhuted to such parasitic impedances a! the tiOC peiak-to-saiksv ratio at high freqtuencies, causing an
drain-gate capacitance, upper f~equencv limit that FF'IF silrr are not subject

1 ne efficiencies obt,.ined wAith lnP desices are smimeahat to This tiequcnc% limit hit ,i'e iot*. cii,, eermined
smralecr ciwtng to the difficultv of nmaking a good Schotiks
gate contact to InP. Nevertheless. the ovtput power lesel A( t.'\owt I iti\
of lnP devices is in the 10 mW ranize The authors tInk Gt Hofimatnn. J Katicrimaser aind

In order to present burnout. the higher current devices C, Rtttniasr for fabritiu 'it ,; he, lesices, H Letien-
Fhas been testedl with long drain pulses T'ie output po,,ir nia er ,Ir charactcrii.tiit'it 4 tlic tc~itaial l~asers tindlevels obtained wilt long pulses are generallyr lower (lu, to Schtcnhcrr for assiistinc Ili the niimcricil sItudIes
the high operating device temperature l-t,s temperature
level is hc;ic'ed to be close it, that *ectt-,inR in CW~opcr-
,tied d-%ices since the power output, -:lmins unchanvo Ii R I t I "kI Is(I

when increasin2 ihe dauis csele from P~i to 40 per ent I,~ Qi [I k d I- A, %I iiE
F2. 7 hoitts he spectral characteristics of I free-riun- T- ii d IIs A "* -if1. . i- I 'T

uimz 8 rn\V iW-tperaied FFCTEFD oscillator fis a cruc1i -J' ,:-- r* nl)l ,,i It i. _r, 1 ss -p
tisipection t his characieristic. one can speculate thi III %k A'it. 1; \Ij5i. - 5 P ti 1 rtt ( i ) %t 'A k

FECTFID io'> llstcr noise is comparable to cotinentioni, Pri I4,~ iI.,I t.~~ ; a'' 1""
Gunn tt'cillaiior noise. ast
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It 
t
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fitt-' air atir~ictuse candidates fttr monoilthihc itilhitneter- iti -ntlf d-1,i .i,I '1tl ti-, jt [it IT -i
.ase iri-grated circuits. espect ills at %mr high freq~uencies ttt %S i rr N. rr 7-it i, i1111,

since they atre not transit time miuted, scn Knuti Sc A .... t ..... 1 11 K, 1C, Tii- /I ,,I.~

lEFO's intl' fE I's ire* At 9 61`17 and 34 GIi Iz IK! higtest fl)15,'t I't t 7 'r [..I ' '
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